The phleomycins and bleomycins are closely related families of antibiotics produced by Streptomyces v'erticillu,s and are isolated as Cu(II) chelates. Their structure is indicated in Fig. 1 . In vitro, the Cu(II) appears to be displaced by Fe(II) to form a complex which, in the presence of molecular oxygen and a reducing agent, promotes the induction of single-and double-stranded DNA breaks (27) . These drugs cause DNA breakdown and cell death in procaryotic and eucaryotic organisms, and bleomycin is in clinical use (5) .
Spontaneous phleomycin-resistant mutants arise with a frequency of about 1 in 106 in Escherichia coli. A large proportion of those isolated in this laboratory had altered surface properties and presumably had a reduced outer membrane permeability to the drug. This might be expected to be a common mutational mechanism of resistance to a large molecule like phleomycin or bleomycin.
We have chosen for closer examination a mutant, isolated from a previous study (13) , which did not have altered surface properties, as judged by its normal sensitivity to certain bacteriophages and to sodium deoxycholate. Moreover, the sensitivity to other DNA-damaging agents shown by this mutant, together with its considerable resistance to heat shock, suggested that it might be altered in some aspect of DNA metabolism which participates in the pathway leading to phleomycin-induced cell death in vivo.
In this report, we describe more fully the phenotype of the mutant, map the site of the phleomycin resistance determinant on the chromosome, and identify the nature of the defect.
MATERIALS AND METHODS
Bacterial strains are listed in Table 1 . Media. L-agar medium (17) was used for survival assays and for routine subculturing of bacteria. For methyl methanesulfonate sensitivity tests and zone of inhibition assays of phleomycin sensitivity, blood agar base (Oxoid) was used. Minimal medium was GT (12) To avoid selection of revertants of the ubiA allele, strain AN385 was routinely cultured in the presence of 4-hydroxybenzoate (1 mM) (25) . It was then grown in unsupplemented medium for several generations before its phenotype was tested.
Anaerobic culture conditions. Screw-cap culture tubes (120 by 13 mm) were filled to the rim with minimal glucose medium. Nitrogen was passed through the medium for 5 min per tube, and then each tube was inoculated with anaerobically grown cells, tightly capped, and placed at 37°C.
Isolation and characterization of phleomycin-resistant mutant. The phleomycin-resistant mutant characterized in this report was isolated by plating 108 Hfr KL16 cells onto a blood agar base (Oxoid) plate containing 8 Vig of phleomycin 648 (a mixture of phleomycins G, E, and D) per ml and incubating overnight at 37°C. Of the phleomycin-resistant colonies which grew, one was chosen for further investigation and is designated PLMr 9. Treatments with inactivating agents in liquid medium were as follows. For phleomycin treatment, phleomycin E was added to 1 ml of log-phase cultures (approximately 2 x 108 cells per ml) in minimal glucose medium, pH 7.4 . Cultures were shaken at 37°C. For aerobic heat shock treatment, 0.5 ml of log-phase minimal medium-grown bacteria was added to 4.5 ml of minimal glucose medium prewarmed to 52°C. The (22) , using bacteriophage P1. To isolate the high-level streptomycinresistant derivative of PLMr-9, a blood agar base plate was flood seeded with stationary-phase PLMr_9, and in the center of the plate was placed a 12-mm-diameter filter paper disk to which 60 jl of ethyl methanesulfonate (diluted 1:5 [vol/vol] in dimethyl sulfoxide) was applied. The plate was incubated at 37°C overnight and then replica plated to a blood agar base plate containing streptomycin. One of the resulting streptomycin-resistant mutants was used as the recipient in the conjugation experiments and will be referred to as PLMr_9 Strr. The method for plate matings with Hfr strains was based on that of Low (16) . Minimal succinate-streptomycin plates were flood seeded with PLMr_9 Strr. Five-microliter volumes of washed log-phase cultures of Hfr strains were spotted onto the lawn, and the extent of growth was observed after 2 days of incubation at 37°C.
RESULTS
Isolation and characterization of PLMr-9. PLMr_9 was isolated from E. coli Hfr KL16 as one of a number of phleomycin-resistant mutants (13) . Since it exhibited the same sensitivity to phages and to deoxycholate challenge as its parent strain, initial indications were that it was not an outer membrane mutant. When treated in liquid medium, PLMr_9 was substantially resistant to a range of phleomycin E concentrations: over a period of 2 h of exposure to the drug, little cell death occurred in the resistant strain, though there was substantial killing of the parent strain (Fig. 2) . Similar survival curves were obtained with the corresponding bleomycin B4 (results not shown). The lowest toxic concentration of phleomycin E was 12 ,ug/ml, compared with 1.5 [.g/ml for the wild-type strain. However, PLMr_9 was much less resistant to phleomycin CHP, of which the lowest toxic concentration was only 2 p.g/ml, compared with the parental value of 1 ,ug/ml. Further experiments established that the degree of resistance was closely related to the structure of the terminal amine group of the phleomycin, with the greatest resistance being shown to the most basic phleomycins, such as E and G, and the least resistance to less basic phleomycins, such as CHP (Table 2 ). However, PLMr_9 showed equal resistance to phleomycins and bleomycins having the same terminal amine group.
Since phleomycin seems to kill cells by degradation of (A) after exposure to H202 (0.03%) (a) and -y-rays (b). their DNA, PLMr_9 was tested for its response to a range of other agents which have been reported to damage DNA. Surprisingly, it proved to be rather more sensitive than its parental strain to H202, y-irradiation (Fig. 3) , and methyl methanesulfonate, with a diameter of the zone of growth inhibition of 32 mm for the parental strain KL16 but 45 mm for the resistant mutant PLMr_9. On the other hand, PLMr_9 was found to be extremely resistant to the lethal effects of heat shock at 52°C. After 48 min at 52°C, the surviving fraction of PLMr_9 was 0.46, whereas that of the parental strain was 0.0014 (Fig. 4) .
Cross resistance to other antibiotics. Despite this unusual pattern of altered sensitivities to a variety of lethal agents, it still seemed possible that PLMr_9 had a permeability defect. Known mutations which result in defective permeability for an antibiotic frequently involve simultaneous resistance to certain other antibiotics also, whether the permeability defect involves the inner (8) or outer (14) membrane. The lowest toxic concentrations of various antibiotics for PLMr_ 9 compared with those for KL16 were found to be, respectively, 18 and 6 ,ug/ml for streptomycin, 12.5 and 3 ,ug/ml for neomycin, 2.5 and 2.5 jig/ml for ampicillin, and 7 and 8 ,ug/ml for chloramphenicol. Disk assays also indicated that PLMr-9 gave smaller zones of inhibition than its parental strain with tobramycin and gentamicin (results not shown). Thus, PLMr_9 was somewhat resistant to the aminoglycosides but not to ampicillin or chloramphenicol.
Growth characteristics. PLMr_9 gave smaller colonies than did KL16 on complete and minimal glucose solid media. It also had a slower growth rate and reached lower stationaryphase growth yields in L broth and minimal glucose liquid media. In view of these growth characteristics and its cross resistance to aminoglycosides (7), it seemed possible that PLMr_9 was defective in aerobic respiration (6) . Some classes of respiratory mutants are unable to grow on succinate as the sole carbon source (Suc-phenotype), and when PLMr-9 was checked for this characteristic, it was indeed found to be Suc-. Mapping of phleomycin resistance determinant. In view of the pleiotropic properties of PLMr_9, it was possible that it was a double mutant. In order to resolve this question, PLMr_9 was transduced to Suc+, using P1 phage grown on KL16 and selecting transductants on minimal succinate medium. All the Suc+ transductants formed normal-sized colonies on solid media. Sixty-eight of them were tested for phleomycin sensitivity and found to have regained the wild-type level. Of these, five were tested further and found to have wild-type H202, methyl methanesulfonate, and heat sensitivities. Thus, it seems likely that a single mutant gene is responsible for the phenotypes of PLMr-9, though the possibility remains that it has more than one, closely linked, mutation. Throughout the subsequent mapping experiments, the ability to grow on succinate was used as a more convenient selective marker than phleomycin resistance or sensitivity. All Suc+ recombinants were checked for phleomycin sensitivity and were invariably found to have regained the wild-type phenotype.
The chromosomal position of the phleomycin resistance gene was approximately located by crossing PLMr_9 with a series of Hfr strains with origins of transfer on different segments of the chromosome (16) . During storage on nutrient agar slopes, PLMr_9 lost its Hfr character. It was insensitive to male-specific phage, and we have now used it successfully as a recipient in crosses. A streptomycinresistant derivative of PLMr_9 was isolated so that streptomycin could be used as a counterselective marker. This marker confers resistance to high levels of streptomycin (>25 pLg/ml), as distinct from the low-level resistance already conferred by the phleomycin resistance determinant of PLMr_g.
Hfr Since PLMr_9 behaved as a respiratory-deficient mutant, a possible location for the PLMr mutation was in the iubiF gene, which codes for an enzyme effecting one step in the pathway of biosynthesis of ubiquinone from chorismate and maps at 15 min on the E. coli chromosome (31) . To test this possibility, TnIO was transduced from SK2257 into PLMr-9. SK2257 contains a TnlO (zbe-280:: TnlO) which is 76% cotransducible with leiuS and also cotransducible with rna and therefore lies very close to ubiF. Transductants were selected on L-agar plates containing tetracycline and screened for their ability to grow on succinate as the sole carbon source. Of 88 tetracycline-resistant transductants, 23 were also Suc+; thus, the cotransduction frequency of Suc+ with this TnlO was about 26%. All Suc recombinants were phleomycin sensitive. This result is consistent with the phleomycin resistance determinant lying within the libiF gene.
Further evidence that the phenotype of PLM'-9 was caused by a mutation in the iubiF gene came from the study of a known iubiF strain, AN146. The phenotypes of AN146 with respect to phleomycin and heat resistance (Table 3 and Fig. 4 ) and sensitivity to H202, methyl methanesulfonate, and -y-rays corresponded closely to those of PLMr_9 (data not shown). Two more uibi strains, AN385 (iubiA) and AN66 (ubiD), which are defective in other steps of the ubiquinone biosynthetic pathway also showed considerable resistance to phleomycin E (Table 3) and to heating at 52°C (Fig. 4) , together with slightly altered sensitivities to methyl methanesulfonate, H20,, and y-irradiation (results not shown), compared with the corresponding parental strains.
In view of the apparent link between heat resistance and a component of the aerobic respiratory chain, wild-type KL16 cells were grown to log phase under aerobic and anaerobic conditions, and their survival after heat shock was compared. No difference in their survival rates could be detected.
DISCUSSION
In this study we have selected one of a group of phleomycin-resistant mutants of E. coli which, unlike many other phleomycin-resistant mutants studied, exhibited the same pattern of outer membrane-related resistance to various phages and deoxycholate as the nonresistant parental strain. We have investigated its phenotype and localized the site of the phleomycin resistance determinant on the chromosome. The mapping data, together with the fact that the properties of PLMr-9 were very similar to those of the known ubiF mutant AN 146, indicate that the mutation responsible for the phenotype of PLMr_9 is probably in the uibiF gene. Strains defective in two other steps of the ubiquinone pathway also displayed the same phenotype of resistance to phleomycin E and to the lethal effects of high temperatures, suggesting that deficiency of ubiquinone is responsible for this phenotype.
Ubiquinones occur in the cytoplasmic membrane of bacteria and constitute part of the electron transport chain. They are thought to function as mobile carriers of hydrogen from the dehydrogenases to the terminal electron acceptor complexes by diffusion through the hydrophobic lipid phase of the membrane. Thus, they play a critical role in the respiration-coupled generation of ATP and in the maintenance of the membrane potential, or potential difference between the outside and the inside of the cytoplasmic membrane (9, 26) .
The pathway of ubiquinone biosynthesis has been elucidated in E. coli, and mutants deficient in the structural genes for enzymes effecting several of the steps have been isolated (11) . iubiF mutants are deficient in one of the late steps in the pathway, whereas ubiA and ubiD strains are deficient in earlier steps. The inability to promote the oxidation of succinate dehydrogenase accounts for the Suc-phenotype of these and other ,ibi mutants (25) . Reduced or zero rates of electron transport in such strains result in low or anaerobic growth yields (18) .
We have shown that lubi strains share the common property of resistance to the more basic phleomycins, such as phleomycin E. There are several possible explanations which could singly or in combination account for this. First, energy metabolism may participate directly in the phleomycin-induced pathway of DNA breakdown in E. coli (for example, ATP-dependent nucleases might be less active in a ubiquinone-deficient strain). Second, the reduced form of ubiquinone could conceivably participate in the reaction of phleomycin with DNA as an electron exchange agent, a function normally attributed to intracellular thiols (10, 23) , especially if phleomycin acts at a membrane-associated DNA site, as has been postulated (1, 23, 30) . However, it is hard to account for the variation in resistance of PLMr_9 according to the structure of the C-terminal amine with either of these explanations. A third possibility is that ubiquinone is involved in the uptake of phleomycin across the inner membrane. The cross resistance of PLMr_9 to aminoglycoside antibiotics could be accounted for by its slow growth rate, since aminoglycoside killing is strongly influenced by this, but it is also consistent with the notion that the two classes of drugs may share a similar mechanism of uptake. In fact, it is well established that mutants with a variety of metabolic lesions associated with deficient aerobic electron transport, including ubiquinone mutants, display the common property of resistance to aminoglycosides (7), because of less efficient uptake across the inner membrane (4) . Members of the aminoglycoside group of antibiotics have a net positive charge at physiological pH. Thus the membrane potential, with the interior of the cell negative, provides the driving force for the entry of aminoglycosides, though other components of the electron transport chain may also be involved (3, 7, 24) .
Phleomycin E bears little structural resemblance to the aminoglycosides, but, like them, it is hydrophilic and cationic (Table 2) . Thus, it seems plausible that its means of passage across the inner membrane could be similarly driven by the membrane potential and that a reduced entry rate accounts for the phleomycin E resistance of ubiquinonedeficient strains. Conceivably, the rate of uptake of phleomycin across the inner membrane could depend on the basicity of the analog used, though it is not possible to draw firm conclusions from our experiments, since the net entry rate of the molecule must depend on permeation of the outer as well as the inner membrane (19 (2, 28) , but in other strains no breakage was detected (21) . Apart from the strain-to-strain variation, the response depends on the physiological state of the organisms (21), with logarithmic-phase growth being essential for good heat killing (28; our unpublished observations).
Several possible explanations can be put forward to account for the heat resistance of ubiquinone-deficient strains. For example, it is possible that they are constitutive for or overexpress heat shock proteins, leading to a protective effect against heat death (29) . Preliminary experiments, however, provide no evidence for this. If membrane damage is a significant cause of heat-induced death, it may be that ubiquinone-deficient membranes are structurally more heat stable than normal. A third possibility is that heat resistance is related to the aerobic electron transport capacity of the cell. Recently, it has been shown that heat shock and oxidative stress are related phenomena, and the suggestion has been made that heat damages the inner cell membrane, leading to an increased production of toxic byproducts of electron transport, such as superoxide and hydrogen peroxide (15, 20) . If this is correct, it could explain why ubiquinone mutants, with dysfunctional electron transport chains, survive better after heat treatment than their parental strains. Our finding that log-phase anaerobically grown wildtype cells are no more resistant to heat than their aerobic counterparts does not support this hypothesis, though it is perhaps not valid to compare aerobic with anaerobic cells, in which many metabolic functions may be altered. Nevertheless, to the extent that survival after heating to 52°C is influenced by at least one component of the aerobic respiratory chain, our results appear to strengthen the evidence for a link between heat shock and cellular oxidative processes.
